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Microorganisms containing short-chain-length (scl-) or medium-chain-length (mcl-) poly(hydroxyalkanoates)
(PHAs) are commonly screened by applying rapid staining methods using lipophilic reagents. These methods
provide powerful means for general screening of organisms actively producing and accumulating PHAs.
The Southern blot hybridization method additionally allows the identification of potential PHA-producing
microorganisms. Polymerase chain reaction (PCR)-based detection methods further afford rapid and sensitive
means to screen for PHA biosynthesis genes. Specific PCR assays had been developed for the simultaneous
or individual detection of the class Il mcl-PHA synthase gend3sgfudomonashe amplicons+0.54 kb)

can be directly sequenced or used as probes for hybridization studies. The sequence information can further
be used to initiate chromosome walking for an eventual cloning of the complete PHA biosynthesis operon.

In addition, the amplification pattern and sequence data can be used to differentiate subgroups of organisms,
as demonstrated fdP. corrugataand P. mediterraneaOther researchers reported PCR methods for the
detection of scl-PHA synthase genes and thosBatfillus spp., thus greatly expanding the types of PHA
synthase gene and the organisms that can be characterized by this approach. The vast sequence information
obtainable through PCR-based studies of various PHA synthase operons should facilitate the identification
or construction of new PHA synthases capable of synthesizing novel PHAs.

Introduction and the structurefunction properties of the PHA synthase

Poly(hydroxyalkanoates) (PHAs) are microbial poly- (Polymerase) enzymes. The classpha gene locus, as
oxoesters that have wide-ranging potential applications in €xemplified by that oWautersia eutrophgformerly Ral-
the medical, agricultural, and chemical industries. Many Stonia eutrophg consists ofphaC (coding for PHA syn-
bacteria accumulate PHA as carbon and energy reserves if1@5€),phaA (5-ketothiolase), anghab (acetoacetyl-CoA
intracellular granular form. As such, most microorganisms réductase) genes (Figure 1). The classhi&operon, found
synthesize the materials under growth conditions where the!n PSeudomonads, comprises two PHA synthase genes
carbon source is in excess but one of the nutrients (e.g.,(PhaCland phaC3 flanking a PHA depolymerase gene
nitrogen or phosphate) is limiting. Some bacteria, however, (Phad. The class Ilipha operon is distinguished by the
synthesize PHA under nutrient-sufficient conditidnOn presence ophaC and phak genes that code for the two
the basis of their monomer composition, the biopolyesters hetero-subunits of its PHA synthase. Adjacent to the two
are classified into short chain length (scl-; chain length of Synthase genes are tighaA and phaB genes that are
the monomers ranging from C3 to C5), medium chain length transcrlbeq in the. opp05|t.e direction. The c.Iassphanm
(mcl-; C6 and longer), and sciemcl PHA. The class of &€ found in species d@acillusand are cons_tltuted cpfnaR_
PHA synthesized by a bacterium is dictated by the organ- and phaC coding for the two hetero-subunits of the active
ism’s metabolic background and its PHA-biosynthesis ge- PHA synthase and phaBbetween the two genés:*
netic composition and function. An appropriate metabolic
background ensures the availability of the precursor, and the
type of PHA-biosynthesis genes, when expressed, governs Lipophilic dyes such as Sudan black B, Nile blue A, and
the incorporation of monomer of specific chain length. PHA Nile red have been traditionally used for the first-line
biosynthesis genetic systeph@gene locus) is divided into  screening of PHA-containing bactef#&a® Typically, colo-
four classes on the basis of the organization of the gene locushies of bacterial cells grown on an agar plate are stained
with the lipophilic dye dissolved in an organic solvent.
E_r;;(l’_ V‘g‘s‘;’lgi;0;;95)%‘;:‘0‘12:‘:3;(;0;'0%be addressed. Tel.: 215-233-6476. Fg|lowing a destaining process, cells containing lipid inclu-

' nted at the 1S sion bodies such as PHA are identified by the retention of

T This paper was presented at the ISBP 2004 (International Symposium >H™ )
on Biological Polyesters), held in Beijing, China, August28, 2004. the dye. Variations of these techniques that allow for the

Identification of a PHA-Producing Organism
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Class | (Wautersia eutropha) sample preparation is minimal, it nevertheless requires the
_ _ _ collection of a dedicated data set of FT-IR spectra from the
phaC phad phaB specific PHB-containing organism of interest as a reference.

Universal application of the method to other organisms
containing different types of PHA had not been demonstrated.

phaCi phaz phac2 Nucleic Acid Based Methods for Screening of
Class Ill (Allochromatium vinosum D) PHA-Producing Microorganisms
—- A commonly used nucleic acid based approach to screen

pee preE pras orre T s organisms for a particular gene is the Southern blot hybrid-
ization technique. Timm et &l.found that the classphaC
gene ofW. eutrophavas not useful as a general hybridization
probe to identify PHA synthase genes in other bacteria and
proceeded to design a 30-mer oligonucleotide for use as a
general probe fophagenes based on the conserved regions

Class Il (Pseudomonas)

|

Class IV (Bacillus megaterium)

phaP “phaQ phaR phaB phaC

Figure 1. Genetic organizations of the four classes of pha loci: phaA,
[-ketothiolase; phaB, acetoacetyl reductase; phaC (including phaC1

and phaC2), PHA synthase; phaE and phaR, subunit of class Il and of the PHA synthases dlV. eutrophaand Pseudomonas
class IV PHA synthase, respectively; phaP, phasin; phaQ, homolo- oleavorans Armed with this probe, these researchers de-
gous to helix-turn-helix multiple antibiotic resistance protein; phaZz, tected and subsequently cloned the clagshd gene loci of

PHA depolymerase. ORF, putative open reading frame with an

unknown function. Pseudomonas citronello]i®seudomonasp. DSM 1650, and

Pseudomonas mendocirend both the class | and class Il
phaloci of Pseudomonasp. GP4BH1. The universal probe
isolation of a viable cell were later develop€d!’ Because  was not tested on classes Ill and pha genes and likely

of their nonspecific lipid-binding property, these dye-based would not detect these genes anyway by virtue of the basis
methods have also been used to identify cells containing otherof their design.

lipid materials.®1%+9 The polymerase chain reaction (PCR) provides a rapid
Staining of cells with lipophilic dyes had also been used detection of specific genes in organisms. Lopez &t fiist
to facilitate the characterization of PHA-producing cells by reported the use of PCR to identiphaGcontaining organ-
instrumentation. Degelau et #l.developed fluorescence- jsms. Because nondegenerate primers derived solely from
based methods to measure PHA levels in cells. In thesethew. eutropha ph@ene sequence were used in their study
methods, cells were first stained with Nile red, followed by to identify PHA synthase gene(s) in river-water environ-
analysis on either a spectrofluorometer or a laser flow mental samples, they obtained a mostly nonspecific PCR
cytometer. The authors reported good correlation betweenproduct mixture which necessitated a subsequent confirma-
the values obtained with their methods and those yielded bytjon of thephaCgene by the time-consuming Southern blot
the standard gas chromatography (GC)-based method ofhybridization. Solaiman et &f.subsequently developed the
Braunegg et &' Similarly, Gorenflo et af” developed a  first PCR procedure that specifically detects clasphk
two-dimensional spectrofluorometric method for the quan- genes. The primers were designed on the basis of the highly
tification of PHA in cells stained with Nile red. Wu et®.  conserved nucleic acid sequences in regions of the class II
took advantage of the shift of the fluorescence maximum phaloci of variousPseudomonasBecause of the unusually
between the Nile red stained scl-PHA and the Nile red stained high consensus in these regions, the design of nondegenerate

mcl-PHA to differentiate the two types of polymers. The PCR primers (I-179L and I-179R) was possible (Table 1).
study, however, did not address the occurrence of scl- andAs can be seen in Figure 2A, the alignment of 32 class Il
mcl-PHA blends or of the sae-mcl-PHA copolymer. Srienc  phaClandphaC2sequences clearly shows that the binding
et al** applied a flow cytometric technique to differentiate  sites of these primers are located in the exceptionally highly
microorganisms producing scl- and mcl-PHA copolymers conserved nucleic acid sequence regions of these genes.
following Nile red staining of the cells. The combination of Screening of variou®seudomonasising this method not
staining and instrumentation, thus, provide a useful meansonly verified its general applicability by correctly identifying
to identify and even quantify PHA in cells. Certain sample known mcl-PHA-producing strains but also led to the
preparations and the specialized instrument, however, areconfirmation of species previously not characterized as
needed in these methods. accumulating mcl-PHA&? A semi-nested PCR protocol was
Fourier transform infrared (FT-IR) spectroscopy was also subsequently devised for the selective amplification of a
investigated as a means to detect PHA in cells. Hong#®t al. segment of theghaCland phaC2isogenes of the class Il
communicated a rapid method to identify and differentiate phalocus2° In this protocol, one of the primer pairs used in
cells producing scl- or mcl-PHA using FT-IR. A test- the first-round PCRs (DEV15R fgghaCland DEV15L for
screening of several natural isolates using this method phaC2 Table 1) was designed on the basis of the consensus
resulted in a positive identification of PHA-producing nucleic acid sequences phazZgenes of variou®seudomo-
bacteria as confirmed by the standard GC-based method. Anas Figure 2B shows that the binding sites of these primers
method combining FT-IR and multivariative statistical (DEV15R and DEV15L) are located in the highly conserved
analysis was developed by Kansiz et?@alto quantify regions of the nucleic acid sequences of claghfZgenes.
poly(hydroxybutyrate) (PHB) contents in recombinant In this protocol, the use of I-179L/DEV15R and DEV15L/
Escherichia colicells. Although the method is rapid and 1-179R in the first-round PCR would lead to the amplification
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Table 1. Primers for PCR-Based pha Detection

primer seguence ref

phaCF1 ATCAACAA(GGG/A)T(TT/A)CTAC(AAIG) 33
TC(CCIT)T(CCIG)GACCT

phaCF2 GT(CCCIGG)TTC(GGG/AA)T(GGG/CC)
(AAAIGG)T(CCIG)(TT/A)(CCCIGG)
CTGGCGCAACCC

phaCR4 AGGTAGTTGT(TT/C)GAC(CCC/GG)
(AAAICC)(AAAICC)(GGGIA)
TAG(TTT/G)TCCA

I-179L(a) ACAGATCAACAAGTTCTACATCTTCGAC(N) 29, 30

I-179R(a) GGTGTTGTCGTTGTTCCAGTA
GAGGATGTC(N)

DEV15L CCGATCATCATGAAGTTYC

DEV15R CCAGGTTGGCGCCGATGCC

Haphapcrl GTTTTAATCGATTACGCNYTNGTNA 36
AYMGNCCNTAYATG

Haphapcr2 CGGGACTATRAADATCCAYTTYT
CCATNCKTAGAAAGTT

P1 ATNGA(CT)TGGGGNTA(CT)CCN 37

P2 (AG)AA(AGT)ATCCA(CT)TT(CT)TCCAT

B1F AACTCCTGGGCTTGAAGACA 35

B1R TCGCAATATGATCACGGCTA

B2R ACGGTCCACCAACGTTACAT

of about 1.3-kb and 1.5-kb DNA fragments containing the
3 end ofphaCland the 5end ofphaC2 respectively (Figure

3). Using the individual PCR fragments as a template in the

Solaiman and Ashby

W. eutrophd are in fact found in the first highly conserved
region defined by Rehm, and that associated with primer
phaCR4 (i.e., WNYVVDNYL inW. eutropha is in the
fourth region (see Figure 2 of ref 34). Sheu et al.’s detection
method requires the addition of betaine and dimethylsul-
foxide in the PCR reaction mixtures to ensure proper gene
amplification. When tested on 19 known PHA-producing
bacteria, the first-round PCR failed to detect fitea gene

in four bacteria, but the semi-nested reaction accurately
detectedphain all samples. Interestingly, one of these 19
bacterial test samples w&acillus megateriunknown to
possess class IphaC Because the nucleic acid sequence
of class IVphaCis not homologous to those of class | and
Il genes, it was unfortunate that the about 400-bp amplicon
obtained fromB. megateriunwas not sequenced to confirm
its classification and for further alignment study. Sheu et
al23also applied the method to screen environmental isolates
and identified 38phajositive clones belonging to both
Gram-positive and Gram-negative groups. Applying a Nile
blue A staining technique to visualize PHA granules showed
that 33 of thes@hapositive isolates stained positively. No
information, however, was given regarding the Gram clas-
sification of the Nile blue A negative clones, the isolation
and composition of PHA from the 33 putative producers of
PHA, or the nucleic acid sequences of the PCR amplicons
of the 38phapositive isolates.

PCR detection of thphagenes irBacillus, thus, presum-

second-round (semi-nested) PCR with I-179L/1-179R primers ably the class IV synthases, was reported by Shamale®et al.

would then lead to the specific amplification of an about
0.54-kb segment of thehaClandphaC2genes, respectively

using nondegenerate primer pairs (B1F/B1R and B1F/B2R,;
Table 1) designed solely on the basis of the clasphdC

(Figure 3). Application of this semi-nested PCR to several gene of B. megateriumby employing a primer-design

Pseudomonabacteria led to the refinement of thehaG

program. Because of the simplistic approach by which these

based primers (I-179La and I-179Ra) to include a single primers were designed, however, a global detection of class

degenerate base at theehd. These two protocols for the
rapid and specific identification of class phagenes have

IV pha genes should not be expected. In fact, these
investigators used a number Bfcillus species (i.e.B.

provided a simple, convenient, and reliable means to screenmegateriumB. amylaorans B. laterosporusB. circulans

bacteria for the presence of these genes. Zhang %t al.
reported PCR cloning of class phagenes on the basis of

B. subtilis B. cereusandB. brevis) as standard samples to
verify their method, but they only reported a definitive

the nondegenerate primers derived from the consensugpositive PCR amplification gbhaCwith the B. megaterium

sequences of ORFphazandphaDgenes oPseudomonas
phaloci. Although onlyphaC1(but notphaC2? of Pseudomo-
nas pseudoalcaligend$BQ06 andphaC2(but notphaCJ

of Pseudomonas nitroreduce®802 was initially cloned with

sample. Strangely, while the majority of their standard
species oBacillus(e.g.,B. circulansandB. brevis) did not
produce the expected amplicons (as assayed by PCR) or PHA
(as determined by solvent extraction and FT-IR analysis),

these primers, subsequent refinement incorporating two-stegheir environmental isolates belonging to these species were
and touch-down PCR allows the cloning of both the class Il shown to react positively to the PCR assay and produce PHA

phaCgenes fromBurkholderia caryophyll#?

A broad-specificity PCR procedure for the detection of
both the class | and the class pha synthase genes was
developed by Sheu et #The degenerate semi-nested primer

(see Table 1 of ref 35). We had performed a sequence
alignment analysis of knowBacillus phaCsequences [i.e.,
those ofB. megaterium(GenBank gi:138122668. thur-
ingiensis(gi:49328240), three strains &. anthracis(gi:

pairs (i.e., phaCF1/phaCR4 for the 1st round and phaCF2/30255149, 50082967, 49176966), two straindBofcereus
phaCR4 for the semi-nested round of PCR; Table 1) were (gi:29894935, 42736135), anBacillus sp. INTO05 (gi:
designed on the basis of the highly homologous stretches 0f27348111)] and found that the sequence oBhmegaterium

the class | and Iphagenes of 13 Gram-negative bacteria.
A sequence alignment study by Retron the amino acid
sequences of the gene products ofpsfa genes of various

classes had identified six regions that contain highly con-

phaChas the least sequence matches to the other seven query
sequences (data not shown). It was, thus, unclear how
Shamala et al.’s nondegenerate primers were able to detect
pha genes in their environmental isolates classifiedBas

served amino acid residues. The in-frame translated se-sphaericusB. circulans andB. brevis and why the same

qguences of the primers phaCF1 (i.e., INKYYILDL in the
W. eutrophasequence) and phaCF2 (i.e., VFLVSWRNP in

primers did not unequivocally yield PCR products in the
standard species of these organisms they used. It should be
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L I-179R
P-res C1 585 . ””.mm,.,,.r P-res C1 1150 ctget cgooggocttogacatoototatt ccacgogtotgoctgoagog
p-res i 585 gtogtgocgocacagatcaacaagttco P-zes C2 1153 gt
P-sp HI-2 €1 585 P-sp HI-2 €1 1150
p-8p HI-2 CZ 58S atcgtccocgocgoagakci tctacatcttegacetgt FP-sp HI-Z C2 1153 ceget tegacatoctbotact
p-aer PAOL C1 585 gtggtgccgccgcagatcaacaagttotacgtottogacatgt P-asr PAOL C1 1150 ctget -gocggogttogacatoctctact -grgeoct
P-aer PAOL C2 585 P-aer PAO1 C2 1153 ctgotoggoaggragoogooggogttogacatooctotact “goggct
p-stu 1317 C1 585 gtggt Ectacgtgtt P-stu 1317 €1 1150 ct cgcoggt tact cacgogoct
P-stu 1317 €2 585 atcgtgocgocacagatcaacaagtac P-stu 1317 €2 1153
P-men C1 Y B-men C1 1150
p-men C2 585 atcgtgocgocgoagatc: actacatattegacctgt P-men C2 1153 ctget tegacatoctbotact cgoct
A-hyd phaCzi 565 gtggtgocaccgoagatcaacaagttctacgtgttogacct A-hyd phaCif 1150 ctgotcggraacgageogorggtgttogacatoctgtct coacgogtet
P-put KT2440 1 585 P-put KTZ440 C1 1150 ctgotoggoaatgagooocooogtgttogacatootgtict scacgogoct
F-put KT2440 C2 SES gtogt cagat Ectacatctbogacot F-put KT2440 CZ 1153 b~
P-pal HEQOE C1 565 gtogtgoocgocgoagatcaataagttc P-pal HBQOE C1 1150 t
P-nit 0BOZ C1 585 P-nit 0802 C1 1150 ctgctgggraacgagoogocggtgttogacatcoctotact acgocot
P-nit 0B0Z C2 565 atcgtgocgocacagatcaataagtactacatattcgatctat P-nit 0802 C2 1153 ctget cgocagocttogacatoctctact -gogoct gca
p-pal ¥S81 C1 SES gtggtgocaccgoagatcaacaagttctacgtattogacctgtcaccggaaaaaage — Prpal Y81 C1 1150 ot L. =L
P-pal ¥51 C2 85 tat F-pal ¥81 C2 1153 't
P-gp 3¥2 C1 5B5 gtaggt Ectacgtttbcgaccot P-sp 3¥2 C1 1150 tt tocegee
B-caryophyll €1 585 gtggtaccgocgoagatcaacaagttc B-caryophyll C1 1150 ctget gaacctccogtat ccegtect gec
B-gcaryophyll C2 S8S B-caryophyll 2 1153 ctget cgocaccggogttogatatooctotact cogoct
P-ole GPol C1 5E5 gtggtgoogocgoagato tctacgtattegacct P-ole GPol C1 1150 ct ogooggt cctgttot scacgogoct
P-ole GPol C2 565 gtggtgoogorcacagatcaacaagttctacatcttogacctoagot F-ole GPol CZ 1153 t
P-cor 388 C1 SBE gtaat P-cor 388 C1 1150 tt
p-cor 1BE C2 585 atcgt tctacatcttogacct r P-cor 388 C2 1153 ctget "googgocttogacatoct ctact ccaccogoct
P-chl €1 565 gtggtococgocacagatcaacaagtbo P-chl C1 1150 ctgctgggoaacgagoogooggtgttogacatooctgtoot ccacooggtt
P-chl C2 ses F-chl C2 1153 et
p-sp 61-3 C1 585 gtggtcccaccgoagato trtatgrtgtttgacet amaage  P-sp 61-1 C1 1150 tt
P-8p 61-3 CZ 565 atcgtococgoogoagattaacaagtactacattttogacct aacago P-gp 61-1 CZ2 1183 crgeot togacatbckbgrart
P-gyr DOI000 CLUSES gtgat P-gyr DCI000 C1°1150 ctgotcggoaacgagoogooggtottogacattotgioot gogoct
P-gyr DCI00D C2 594 atcogt actacattbbogacot P-gyr DC3000 C2 1162 ctgotgggoaaatocgoogocgoocgttogacattotgtactggaacaacgacaccacgogootoooogoogog
F-flu phaC+ SE5 atcgtgoocgoogoaaatcaacaagtac P-flu phac* 1153 ct L= {= att *geggct
B. phaZ
= DEV1SL———
P-reg k) EE 140
P-sp HI-2 (2] t EE 134
p-gtu 1317 70 ggtaac ggtgcogotgotgatettoaacggoatoggogoraacctggagotggtgatgooott 140
P-aer PAOL 70 ggraaggaaggaagractcogotgotgatottocaacggoat ggaactggtgttooocott 140
F-pal ¥81 0 140
F-nit 0802 % 140
P-men 70 ggcaacagocagotbggt jocactgotgatobt atcggt ggaattggtgatgocctt 140
B-caryophyll 70 ggcaaatcgoactbgacgooocttgotgatottcaacggoatt ggaactggtgtttocatt 140
P-put KT2440 70 cgtt taacggoat -gagctogt 140
F-ole GPol 0 ggcat 140
P-gp 61-3 70 tat tattt EE 140
E-chl 70 t [ tE tocate 140
p-gyr DC3I000 70 ggcaagagtcacctgacgoogotgotgatattoaacggoatoggogocaacctggagotggtgtttocgtt 140
DEV1ISR——
P-res 766 tock 829
P-sp HI-2 760 catcatgaagttccot catccace B23
P-stu 1317 766 gaagoggtggogoogatcatcatgaagtttot gatgcacc £29
P-aer PAOL 766 gaatcggt catcatgaagttootogor googtogogoogtoatgoace 829
F-pal Y51 766 829
P-nit 0802 TEE azo
p-men 766 gaagoggt atcatcatgaaatttet goggtgatgoace 29
B-caryophyll TGE gaggoogtogoacogatcatcatgaatttoctacagoaggage jatgoatc 829
F-put KTZ440 766 cat catgoatc 829
F-ole GPol 766 829
P-sp 61-3 766 agtttott 829

p-chl 769 gaagcotgt catcatgaaattect gatgcace 812
P-gyr DC3000 766 gaagoocgtogogoogatcatcatggggtttotgoagraggaacgacaacgogoggtoatgoace 829

Figure 2. Nucleic acid sequence alignment of class Il phaC1 and phaC2 (panel A) and phaZ (panel B) genes, showing the highly conserved
regions containing the primer-binding sites. The Clone Manager Suite program (version 7, Sci Ed Software, Durham, NC) was used to perform
the Multi-Way alignment. (#) Confusing annotations in the GenBank entry, where the title indicates phaC1 study but the sequence was attributed
to phaC2; (A) the sequence contains a genuine point mutation (not sequencing error) that causes premature translation termination; (*) not
specified as phaC1 or phaC2. Abbreviations: P-pal HBQO6, P. pseudoalcaligenes HBQO6 (gi:13346167); A-hyd, Aeromonas hydrophila (gi:
55140654); P-syr DC3000, Pseudomonas syringae pv. tomato str. DC3000 (gi:28855325); B-caryophyll, B. caryophylli (gi:15028441); P-aer
PAOQOL1, P. aeruginosa PAO1 (gi:9951346); P-pal YS1, P. pseudoalcaligenes YS1 (gi:15421134); P-chl, Pseudomonas chlororaphis (formerly
Pseudomonas aureofaciens) (gi:17402509); P-men, P. mendocina (gi:20086522); P-nit 0802, P. nitroreducens 0802 (gi:19589601); P-ole GPo1,
P. oleovorans Pol (gi:151441); P-put KT2440, P. putida KT2440 (gi:26557037); P-res, P. resinovorans (gi:10835918); P-sp 61—3, Pseudomonas
sp. 61—3 (gi:4062966); P-sp HJ-2, Pseudomonas sp. HJ-2 (gi:34452170); P-stu 1317, Pseudomonas stutzeri 1317 (gi:30721689); P-sp 3Y2,
Pseudomonas sp. 3Y2 (gi:54610879); P-cor, P. corrugata 388 (gi:51234088 and 51234090); P-flu, Pseudomonas fluorescens (gi:37925924);

and C1 and C2, phaC1 and phaC2, respectively.

j«—13kb——DEV15R DEV15L—— 1.5kb —» |
}0.54 Kb ) 0.54 kb

-179La I-179Ra 1-179La 1-179Ra
phaC1 phaz phaC2

Figure 3. Semi-nested PCR of class Il phaC1 and phaC2 genes.
Using the P. resinovorans pha locus as an example, the first-round
PCR using the I-179L(a)/DEV15R primer pair yielded a 1.3-kb product,
which on the second-round (semi-nested) PCR with I-179L(a)/I-179R-
(a) primer pair then resulted in a specific 0.54-kb phaC1 fragment.
Likewise, first-round PCR using DEV15L/I-179R(a) primers produced
a 1.5-kb fragment, which on the second-round PCR with 1-179L(a)/
1-179R(a) primer pair yielded the specific 0.54-kb phaC2 fragment.

brevis) and theB. cereussubgroup (includindd. anthracis

B. thuringiensisand the INTOO5 isolate). In this respect, it
would be of value to have the sequences ofgthaCgenes

(or at least of the PCR fragments amplified by Shamala et
al.) of the other members of the proposedmegaterium
subgroup.

In their study of the class lphagenetics of cyanobacteria
and sulfate-reducing bacteria (SRB), Hai etéal.developed
PCR protocols to screen for the relatpdaC genes. The
degenerate primers, Haphapcrl and Haphapcr2 (Table 1),
used in the study of cyanobacteria were based on the highly

noted that in the sequence alignment analysis just mentionedconserved sequences of the clasphaCgenes of, among

the phaCgenes ofB. thuringiensisand the three strains of
B. anthracisare identical (100% identity) and exhibit 95

97% sequence match to thoseBofcereugboth strains) and
Bacillus sp. INTOO5. Perhaps the class phaCsequences

others, Allochromatiumeinosum Thiocystisviolacea and
Synechocystisp. PCC 6803. More specifically, Haphapcrl
and Haphapcr2 correspond to amino acid residues 85-97 and
263-275, respectively, of thphaC gene product ofSyn-

can be divided into two subgroups on the basis of the extentechocystissp. PCC 6803% The Haphapcrl/2-based PCR

of nucleic acid sequence matches: tBe megaterium
subgroup (includingB. sphaericuaB. circulans and B.

protocol, however, failed to correctly identify three strains
(Cyanothecesp. PCC7424 and PCC7428 a8thnieriasp.
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PCC7437) as PHB-producing strains out of the nine screenedrefinements of this approach have been developed over the
The PCR primers (P1 and P2, Table 1) used in the SRB years®® The sequence information of thhaCgene fragment
study were based on the highly conserved amino acid obtained from the PCR detection plays a crucial role in the
sequences (VNRPYM and MEKWIF) contained inside the designing of the target-specific primers in these strategies.
same amino acid residues 8fnechocystisp. PCC 6803  The cloning of the class Ipha locus of Pseudomonas
mentioned earlier. Although the report indicated successful resinavorans NRRL B-2649 serves as an example of the
PCR amplification ofphaC gene fragments from certain  application of this approach in which vectorette PE&nd
SRB, details of this result were not presented or discussed.uneven PCR techniques were uséé.The application of
another variation of this approach, that is, the annealing-
Applications control-primer DNA walking? led to the sequence charac-
terization of the entirphaClandphaC2genes ofPseudomo-

screening means to identify potential PHA-producing organ- NS corrugata (GenBank gi:51234090 and 51234088;

isms. This is especially the case when PHA synthesis is under>°l2iman, unpublished data). The third approach to obtain
any unknown regulation and, thus, direct PHA assays (suchthe entirephaCgene and its associated gene assemblage can

as lipophilic-dye staining or FT-IR methods) are not ap- be adopted on the basis of Garcia et al.’s straféghese
plicable when cells are not producing or accumulating the 2uthors reported a method to clone large gene assemblages

polymers. There could also be instances where a gene may?SSociated with known sequences. The strategy is based on
be present but the product is clearly not produced, that is, asmgle crossover homologous recombination event occurring

silent, pseudo- or iso-gene. Such cases would then provideIn the chromosome at the Ioc_atlon of_th_e genes (_)f known
excellent systems for the study of the regulation (whether at sequence. Subsequent selective restriction dlgestlon _aIIows
the genetic or the metabolic level) of PHA synthesis. the excision of the gene assemblage associated with the
Although the availability of increasing numbers of genomic KNOWn sequences. Garcia et'aproceeded to demonstrate

sequences provides an important avenue for the stuggaf ~ the applicability of their strategy by cloning the gene
genetics, it remains a fact that the genomes of still many assemblages of the phenylacetic acid catabolic pathway and

other bacteria with interesting metabolic backgrounds have Of the PHA-synthesis pathway &f. putidaU. Again, using

not been sequenced. PCR detection methods will, thus, ("€ Seéquence information of tpéaCfragment obtained from
continue to play an important role in the identification and the P,CR detection protocols, itis _concewable to apply Garcia
subsequent characterization of PHA-producing bacteria. et al’s strategy to clone the entire gene assemblage of the

The phaCgene fragment resulting from the PCR assays PHA biosynthesis. L _
provides a valuable entry point toward the complete cloning | Anoth_er underexplored app_h_catlon using the sequence
of the entirephaCgene and subsequently the associated gene|nformat|qn (?f the PCR-_am_pllfle(phaC fr;_agment_ IS the
assembly. One usage of this gene fragment in the C|Oningcharacterlzatlon of ba_cterlal |_solates. Sola||3ﬁa_np)plled this
of phaCand its associated genes is to serve as a probe inmethod to .clearly differentiate the three isolates Fof
the screening of the genomic library of the organism. Because®!€vorans(i.e., NRRL B-778, B-14682, and B-14683) as
the fragment is a bona fide part of tpeaCgene, a strong distinct strains, leading to subsequent physiological charac-

and specific hybridization can be expected and, thus, greatly(€fization of each Srtﬁ:i'g‘ as a scl-, mel-, or scl-and-mcl-PHA-
facilitates the process of a correct identification of the Producing organisrfr:“>Furthermore, initial comparison of

positive clones. The other application of the fragment is to /IV€ strains ofP. corrugata(i.e., ATCC 29736, 313, 388,
provide sequence information for the cloning of thka 412, and 717) isolated from different locations and plants

genes. The sequence of the PCR product can be readinShOWeOI that their respective P_CR-ampI_|f|qm_aC1 and
determined either directly using the amplicon as a template PN"AC2PCR fragments have identical nucleic acid sequences,
or through its subcloning into a cloning vector. In the first Sudgesting that the acquisition of thgha locus in P.
instance, the primers used in the PCR can often serve as th&°ugatais a recent event in its evolutionary histcfyA
sequencing primers as well. In the latter case, various subsequent study of 56 strainskxfcorrugataand 21 strains

universal sequencing primers appropriate for the particular ©f @ closely related specieBseudomonas mediterranéa
cloning vector may be used. Once the sequence is deter-W'th respect to the sequences of the PCR fragments of their

mined, one of the many sequence extension approaches coulfhaCphaC2genes support the establishmentofmedi-

be used to obtain the sequences ofghaCand other genes terrane_aas a distinct taxonomic group (Solaiman and Catara,
in its assembly. An inverse PCR approdgtior example, unpublished data).
has been used to complete the cloning of clagsHdCgenes

of cyanobacteri® and SRB’ and of the class phaCgenes

of P. oleaworans NRRL B-778 (GenBank gi:33465809; Rapid PCR methods have been developed to detect the
Solaiman, unpublished data) and NRRL B-14682 (GenBank four classes gphaCgenes. These methods provide powerful
0i:39607630; Solaiman, unpublished data). The PCR-basedscreening tools for the identification of potential PHA-
genomic DNA walking approach is another powerful means producing organisms. The PCR fragment also serves as an
to clone thephaoperon. In this approach, conventional PCR entry point for the complete cloning and characterization of
and, if necessary, the subsequent semi- or fully nested PCRthe pha gene locus. Microbial characterization and clas-
are performed using primer pairs consisting of a target- sification can also benefit from the sequence analysis of the
specific and a random primer. Numerous strategies andPCR-amplifiedphaC fragment. Future development of a

PCR methods fophaC detection are powerful first-line

Conslusion
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universal PCR protocol for the detection of all classes of (23) Wu, H.-A; Sheu, D.-S.; Lee, C.-¥. Microbiol. Method2003 53,

phaCs could lead to the identification of unknown PHA

synthases from environmental samples containing uncultur-

able organisms.
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